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Groups  of  rats  were  exposed  to  whole-body  X-radiation  (850  rad)  at 
various  time  intervals  either  before  or  after  unilateral  (left)  nephrectomy, 
and  the  remaining  (right)  kidney  was  removed  48  hours  postnephrectomy. 

The  specific  activity  of  the  kidney  enzymes  (thymidine  kinase-DNA  poly¬ 
merase  system)  catalyzing  DNA-synthesis  was  then  assayed  by  measuring 
1  the  incorporation  of  -thymidine  into  DNA  in  vitro.  The  ratio  of  enzyme 

activity  in  right  versus  left  kidney  in  each  animal  is  termed  the  "in¬ 
duction  ratio".  The  induction  ratio  was  profoundly  suppressed  in  rats 
irradiated  at  10  minutes  to  18  hours  after  uninephrectomy  (values  <l); 
when  irradiated  between  19  and.  24  hours  after  unilateral  nephrectomy 
there  was  a  sharp  and  precipitous  rise  in  the  induction  ratios  (values 
up  to  6.6). 

When  radiation  exposure  was  carried  out  between  15  minutes  and  22 
hours  before  uninephrectomy,  the  induction  ratios  were  depressed  (<  1, 
and  as  low  as  0.05).  The  evidence  suggests  that  partial  recovery  from 
this  latent  radiation  damage  can  occur  if  the  time  interval  between 
irradiation  and  uninephrectomy  is  sufficiently  prolonged;  when  this  inter¬ 
val  was  20  days,  induction  ratios  attained  values  of  4.4. 

The  data  indicate:  (l)  that  the  early  steps  in  induction  or  forma¬ 
tion  of  the  thymidine  kinase-DNA  polymerase  enzyme  system  are  highly 
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radiosensitive;  (2)  that  latent  radiation-inducted  damage  to  the  enzyme¬ 
forming  system  occurs,  i.e.,  when  the  radiation  is  applied  before 
unilateral  nephrectomy;  (3)  that  this  enzyme  system  in  the  kidney  may 
be  continuously  renewed,  with  a  turnover  time  of  lees  than  48  hours. 
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SUMMARY 


The  Problem: 

Although  there  is  general  agreement  that  ionizing  radiation-induced 
damage  in  biological  systems  is  manifested  in  changes  in  deoxyribonucleic 
acid  (DNA)  metabolism,  there  is  no  agreement  on  the  actual  biochemical 
lesion.  It  has  been  shown  previously  that  in  vitro  X-ray  exposure  of 
an  enzymatic  system  for  DNA  synthesis  produces  no  inhibitory  effect  on 
DNA  synthesis  at  doses  ranging  from  250  to  10,000  rad. 


The  Findings: 

Rats  were  exposed  to  whole-body  X  radiation  (850  rad)  at  various  times 
before  or  after  unilateral  nephrectomy,  and  the  other  kidney  was  removed 
48  hours  later.  The  kidneys  were  homogenized  in  isotonic  sucrose-tris 
buffer,  and  the  homogenate  was  centrifuged  at  105,0OGxg  for  1  hour.  The 
supernatants  were  assayed  in  vitro  for  the  DNA  polymerase  enzymes  which 
catalyze  the  incorporation  of  H^-thymidine  into  DNA.  The  accumulation 
of  these  enzymes  was  profoundly  suppressed  in  rats  irradiated  at  10  minutes 
to  18  hours  after  uninephrectomy;  when  irradiated  between  19  and  24  hours 
after  nephrectomy  there  was  a  sharp  rise  in  enzyme  activity.  When  irra¬ 
diation  was  carried  out  between  15  minutes  and  22  hours  before  uni nephrec tony. 
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enzyme  activity  was  also  profoundly  suppressed..  The  data  indicate 
that  the  early  steps  in  the  induction  or  formation  of  the  thymidine 
kinase- DNA  polymerase  enzyme  system  are  highly  radiosensitive. 


INTRODUCTION 


Although  there  Is  general  agreement  that  alterations  In  deoxyribo¬ 
nucleic  acid  (DNA)  are  fundamentally  involved  in  the  action  of  ionizing 
radiations  on  living  systems ,  the  specific  biochemical  lesion(s)  has 
not  as  yet  been  identified.  Furthermore,  the  interpretation  of  experi¬ 
mental  data  pn  DNA  is  not  unambiguous  in  studies  on  tissues  (such  as 
thymus  and  spleen)  with  high  cell  turnover,  or  in  which  rapid  changes 
in  cell  population  occur  after  radiation  exposure  (l).  The  discovery 
of  the  DNA- synthesizing  enzyme  system  by  Romberg  end  coworkers  (2)  has 
opened  up  a  new  avenue  for  investigating  the  biochemical  mode  of  action 
of  ionizing  radiation  on  DNA.  Thus,  it  is  now  clear  from  several  studies 
on  regenerating  rat  liver,  that  radiation  inhibits  the  formation  of  the 
thymidine  kinase- DNA  polymerase  system  (3*4,5)*  the  enzymes  involved 
in  the  biosynthesis  of  DNA.  There  are,  however,  questions  as  yet  un¬ 
resolved  with  respect  to  the  time  of  irradiation  relative  to  partial 
hepatectomy,  and  the  degree  of  enzyme  inhibition.  Thus,  according  to 
Bollum,  et  al.  (4),  when  X-radiation  was  given  up  to  13  hours  after  partial 
hepatectomy,  the  subsequent  appearance  of  thymidine  kinase- DNA  polymerase 
in  the  liver  was  prevented;  whereas,  when  the  radiation  was  administered 
between  14  and  17*5  hours  post- surgery,  no  inhibitory  effect  on  the 
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appearance  of  the  enzymes  vas  observed.  On  the  other  hand,  Beltz  (6) 
found  marked  interference  with  the  accumulation  of  thymidine  kinase  in 
the  liver  when  1500  r  of  X  raysvere  delivered  15-16  hours  after  partial 
hepatectonyj  thymidylate  synthetase  activity  was  affected  only  slightly. 

We  have  been  interested  in  the  biochemical  basis  of  the  inhibitory 
effect  of  whole-body  X  radiation,  when  applied  before  or  after  unilateral 
nephrectomy,  on  mitotic  activity  and  hypertrophy  of  the  remaining  kidney 
(7,8).  It  was  found  that  exposure  of  rats  to  a  single  dose  of  X  rays 
(850  rad)  15  minutes  to  22  hours  prior  to  unilateral  nephrectomy  caused 
a  profound  inhibition  of  the  system  responsible  for  the  induction  of 
DNA  polymerase  and  thymidine  kinases  in  the  kidney  (9). 

In  the  present  study  we  have  examined  and  compared  the  time  course 
of  the  appearance  of  the  thymidine  kinase- DNA  polymerase  enzyme  system 
when  whole-body  X  radiation  is  applied  at  various  early  intervals  either 
before  or  after  unilateral  nephrectomy  in  rats.  This  study  has  revealed 
a  relatively  sharp  cut-off  point  in  the  inhibitory  effect  of  the  radi¬ 
ation  when  applied  following  uninephrectony. 

MATERIALS  AND  METHODS 

X-Ray  Exposure  Following  Uninephrectony 

The  animals  employed  were  female  Sprague- Dawley  rats,  bred  and 
raised  in  this  Laboratory.  Except  when  otherwise  noted,  the  rats  were 
3-1/2  weeks  old  at  the  time  of  irradiation.  Groups  of  rats  were  sub¬ 
jected  to  left  unilateral  nephrectomy  under  ethyl  ether  anesthesia. 
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following  which  they  were  exposed,  at  various  time  intervals,  to  a 
single  whole-body  X  radiation  dose  of  850  rads  (an  LD10Q).  The  radi¬ 
ation  source  was  a  250-kvp  Therapy  Unit,  and  the  dose  rate  was  30  rad 
per  minute.  The  radiation  characteristics  were:  250  kv;  15  MA;  filter 
0.5  mm  Cu  plus  1  mm  Al;  HVL  1.28  mm  Cu;  TSD  100  cm;  dose-rate  30  rad  per 
minute,  measured  in  air.  The  remaining  kidney  was  extirpated  48  hours 
after  nephrectomy.  Immediately  following  extirpation,  the  left  and  the 
right  kidney, respectively, of  each  animal,  was  separately  weighed  and 
homogenized  in  cold  tris-sucrose  buffer  (tris,ll  mMjSUcrose ,0.23  Mj  pH 
8.0)  in  the  ratio  of  9.0  ml  buffer  per  g  kidney  tissue.  Each  homogenate 
was  then  centrifuged  (5  C)  at  105,000  xg  for  1  hr, and  without  further 
treatment  the  supernate  was  used  as  the  enzyme  source.  Each  enzyme 
preparation  was  stored  at  -196  C  until  used  for  the  assay.  Hie  frozen 
supernatants  were  then  rapidly  thawed  and,  after  determination  of 
protein  concentration,  each  preparation  was  diluted  to  contain  the  same 
protein  concentration  (5.0  mg  per  ml).  The  supernatants  from  the  left 
and  right  kidneys  from  the  same  rat  were  assayed  simultaneously  for 
enzyme. 

The  specific  activity  of  the  enzyme  system  (thymidine  kinase- DNA 
polymerase)  catalysing  DNA.  synthesis  was  determined  by  measuring  the 
rate  of  incorporation  of  tritiated  thymidine  into  the  acid-insoluble 
fraction  (i.e.,  containing  all  the  DNA)  as  described  previously  (9). 

The  incubation  mixture  (0.50  ml)  contained:  (a)  each  of  the  5'-deoxy- 
ribonucleotide8  of  adenine,  guanine  and  cytosine,  25  ^ moles;  (b)  mag- 
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nesium  chloride,  3  nmoles;  (c)  adenosine  triphosphate  (trie  form  at  pH 
7*4),  3  pooles;  (d)  tritiated  thymidine  (specific  activity  3  c/omole) 

3.3  anmoles;  (e)  tris  phosphate  buffer  pH  7.4,  5  nmoles;  (f)  enzyme 
preparation,  I.25  mg  protein;  (g)  DNA  (calf  thymus  DNA  (Worthington)) 
preheated  7  min  at  100  C.  Resulting  specific  radioactivity  of  the  DNA. 
fraction,  expressed  in  cpm/mg  protein,  was  determined  by  a  modification 
of  the  liquid  scintillation  counting  method  of  Main  and  Walwick  (10). 

The  data  from  each  animal  obtained  under  these  experimental  conditions 
are  presented  as  a  ratio  of  the  specific  enzyme  activity  determined  in 
the  supernatant  of  the  right  kidney  divided  by  that  from  the  left  kidney. 
This  ratio  (cjm ^cpm^)  is  termed  the  "induction  ratio".  Although  the 
absolute  counts  per  minute  per  mg  protein  resulting  from  enzyme  activity 
in  the  left  kidney  supernatants  were  relatively  low,  there  was  appreciable 
variation  from  animal  to  animal.  Therefore,  it  was  considered  that  the 
ratio  of  enzyme  specific  activities  of  the  right  to  the  left  kidney 
from  the  same  rat  represented  the  most  realistic  value  for  the  induction 
of  new  enzyme  activity  in  the  experimental  animals. 

X-ray  Exposure  before  Unlnephrectony 

In  another  series  of  experiments,  rats  were  exposed  to  whole-body 
X  radiation  (850  rad)  at  various  times  prior  to  unilateral  nephrectomy, 
and  the  enzyme  activity  of  the  left  and  right  kidneys,  respectively,  was 
assayed  according  to  the  protocol  described  above. 
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RESULTS 


As  seen  in  the  experimental  data  of  Figure  1,  there  occurs  a  pro¬ 
found  inhibition  of  incorporation  of  H^-thymidine  into  DNA  catalyzed  by 
enzymes  in  the  supernatants  from  the  right  kidneys  of  rats  Irradiated 
at  10  minutes  to  18  hours  after  unilateral  nephrectomy;  that  Is,  the 
Induction  ratio  for  the  thymidine  kinase- DNA  polymerase  enzymes  vas 
less  than  1,  and  as  lov  as  0.05.  When  the  rats  were  X  irradiated  be¬ 
tween  19  and  24  hours  after  unilateral  nephrectomy,  there  was  a  sudden 
and  precipitous  rise  in  the  values  of  the  induction  ratios,  i.e.,  they 
were  all  above  1  and  ranged  up  to  6.6.  The  specific  activities  for 
these  enzymes  in  the  kidneys  of  rats  irradiated  at  33  to  kj  hours  after 
uninephrectomy  were  even  higher,  i.e.,  induction  ratios  were  up  to  11. 5. 

By  comparison,  the  mean  induction  ratio  for  10  nonirradiated  3-1/2  week 
old  rats  vas  14.7,  with  a  SD  of  7.4.  The  corresponding  mean  value  for 

9  nonirradiated  rats,  in  which  both  kidneys  were  extirpated  simultaneously, 
vas  1.01. 

Effect  of  Irradiation  Prior  to  Uninephrectomy 

In  this  series  of  experiments,  unilateral  nephrectomy  was  carried 

out  at  15  minutes,  30  minutes,  1  hour,  3  hours,  22  hours,  7  days,  20 

days,  or  34  days  after  the  animals  had  been  exposed  to  a  single  dose(850 

rad)  of  X  rays;  the  remaining  kidney  was  removed  48  hours  later.  In  the 

3  latter  cases  the  rats  each  received  an  intravenous  injection  of  8-10  x 
7 

10  bone  marrow  cells  derived  from  normal  Sprague- Dawley  rats  to  afford 
survival  against  the  otherwise  lethal  dose  of  radiation.  It  is 
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Fig.  1  Effect  of  -whole-body  X-radiation  (850  rad),  applied 
at.  various  times  after  unilateral  nephrectomy,  on  thymidine 
kinase -DNA.  polymerase  enzyme  activity  in  rat  kidney  super¬ 
natants  .  Each  point  represents  one  rat. 
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evident  from  the  data  (Fig.  2)  that  the  specific  activity  of  the  DNA- 
synthesizing  enzyme  system  did  not  increase  when  the  radiation  was  ap¬ 
plied  up  to  22  hours  before  uninephrectony,  i.e.,  the  induction  ratios 
were  less  than  1.0,  and  as  low  as  0.2.  This  suggests  that  the  thymidine 
kinase- DNA  polymerase  enzyme-forming  system  was  damaged  by  the  radi¬ 
ation  even  before  the  stimulus  to  enzyme  formation,  i.e.,  uninephrectony, 
was  given.  Similar  latent  radiation  injury  to  DNA  synthesis  in  rat 
liver  in  vivo  has  been  reported  by  Albert  and  Bucher  (ll).  The  data 
indicate  also  that  partial  recovery  from  this  latent  damage  can  occur 
if  the  interval  between  irradiation  and  uninephrectony  is  sufficiently 
prolonged.  Thus,  when  the  interval  was  7  days, the  induction  ratio  was 
greater  than  1.0,  namely  2.5,  1.4,  and  1.8,respectively,for  3  rats;  when 
the  interval  was  20  days  the  values  were  4.4  and  4.1;  and  after  34  deys 
the  induction  ratios  were  2.1,  1.4,  and  0.8.  It  should  be  mentioned, 
in  this  connection,  that  there  appears  to  be  an  age  dependence  for  in¬ 
duction  of  this  enzyme  system  in  the  rat  kidney:  normal,  nonirr adi abed 
rats  6-1/2  to  8-1/2  weeks  old  showed  definitely  lower  values  than  those 
in  3-1/2  week  old  rats,  i.e.,  a  mean  of  4.5,  with  a  range  of  2.5  to  6.8. 

DISCUSSION 

It  is  evident  from  the  foregoing  data  that  whole  body  X  radiation 
(840  rad)  applied  during  early  periods  (up  to  18  hours ),  following 
uninephrectony,  prevents  the  appearance  in  the  remaining  kidney  of  the 
enzyme  systems  that  catalyze  the  biosynthesis  of  DNA.  When  the  radi- 
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Fig.  2  Effect  of  whole-body  X-racLiation  (850  rad),  given 
prior  to  unilateral  nephrectomy,  on  thymidine  kinase -DNA 
polymerase  enzyme  activity  system  in  rat  kidney  supernatants 
Each  point  represents  one  rat. 
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early  steps  in  enzyme  induction  have  already  been  initiated  at  the  time 
of  irradiation.  The  basis  of  this  latent  damage  is  not  as  yet  known. 
However,  the  question  may  be  raised  as  to  whether  this  damage  might  not 
well  involve  some  event  prior  to  the  formation  of  the  enzyme-forming 
system;  possibly  we  are  dealing  here  with  a  radiation-induced  biochemical 
lesion  to  the  macromolecular  tempi  ate- RM,  or  DNA-dependent  RNA  (13), 
which  governs  and  confers  the  specific  information  to  the  sites  of  enzyme 
synthesis  (cf.  l4).  Current  studies  in  this  Laboratory  are  being  directed 
towards  a  resolution  of  this  hypothesis. 
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1  CO,  Array  Medical  Research  Laboratory 

1  Arny  Medical  Research  and  Nutrition  Laboratory  (KEDEN-AD) 

1  CO,  Array  Medical  Service  Combat  Development  Agency 

2  Medical  Field  Service  School,  Fort  Sara  Houston  (Stimson  Lib.) 

1  Brooke  Arny  Medical  Center  (Dept.  Prev.  Med.) 

1  Director,  Surgical  Research  Unit,  Fort  Sam  Houston 

1  Director,  Walter  Reed  Arny  Medical  Center 

1  Hq.,  Array  Nuclear  Medicine  Research  Detach.,  Europe 

1  CG,  Combat  Developments  Command  (CDCMR-V) 

1  CG,  Quartermaster  Res.  and  Eng.  Command 

1  Hq.  Dugway  Proving  Ground 

3  The  Surgeon  General  (MEDNE) 

1  Office  of  the  Surgeon  General  (Combat  Dev.) 

1  CG,  Engineer  Res.  and  Dev.  Laboratory 

1  Director,  Office  of  Special  Weapons  Development 

1  CG,  Munitions  Command 

1  CO,  Frankford  Arsenal 

1  CG,  Array  Missile  Command 

AIR  FORCE 

1  Assistant  Chief  of  Staff,  Intelligence  (AFCIN-3B) 

6  CG,  Aeronautical  Systems  Division  (ASAPRD-NS) 

1  CO,  Radiological  Health  Laboratory  Division 

1  Director,  USAF  Project  RAND 

1  Commandant,  School  of  Aerospace  Medicine,  Brooks  AFB 

1  CO,  School  of  Aviation  Medicine,  Gunter  AFB 

1  6571st  Aeromedical  Research  Lab.,  Holloman  AFB 

1  Radiobiological  Laboratory 

1  Office  of  the  Surgeon  (SUP3.l),  Strategic  Air  Command 

1  Office  of  the  Surgeon  General 

1  CG,  Special  Weapons  Center,  Kirtland  AFB 

1  Director,  Air  University  Library,  Maxwell  AFB 

2  Commander,  Technical  Training  Wing,  3415th  TTG 

1  Hq.,  Second  Air  Force,  Barksdale  AFB 

1  Commander,  Electronic  Systems  Division  (CRZT) 

OTHER  DOD  ACTIVITIES 


Chief,  Defense  Atomic  Support  Agency  (Library) 
Commander,  FC/DASA,  Sandia  Base  (FCDV) 

Commander,  FC/DASA,  Sandia  Base  (FCTG5,  Library) 

Commander,  FC/DASA,  Sandia  Base  (FCWT) 

Office  of  Civil  Defense,  Washington 
Civil  Defense  Unit,  Array  Library 
Armed  Forces  Institute  of  Pathology 
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20  Armed  Services  Technical  Information  Agency 

1  Director,  Armed  Forces  Radiobiology  Research  Institute 

AEC  ACTIVITIES  AND  OTHERS 

1  Research  Analysis  Corporation 

1  Life  Science  Officer,  AEC,  Washington 

1  Director,  Division  of  Biology  and  Medicine 

1  NASA,  Ames  Research  Center,  Moffett  Field 

1  Naval  Attache,  Stockholm  (for  Commodore  Troell) 

1  Aerojet  General,  Azusa 

5  Argonne  Cancer  Research  Hospital 

10  Argonne  National  Laboratory 

Atomic  Bomb  Casualty  Commission 
AEC  Scientific  Representative,  France 
AEC  Scintific  Representative,  Japan 
Atomic  Energy  Commission,  Washington 
Atomic  Energy  of  Canada,  Limited 
Atomics  International 
Battelle  Memorial  Institute 
Borden  Chemical  Company 
Brookhaven  National  Laboratory 
Chicago  Patent  Group 
Colorado  State  University 
Columbia  University  (Rossi) 

Committee  on  the  Effects  of  Atomic  Radiation 
Defence  Research  Member 
duPont  Company,  Aiken 
duPont  Company,  Wilmington 

Edgerton,  Germeshausen  and  Grier,  Inc.,  Goleta 
Edgerton,  Germeshausen  and  Grier,  Inc.,  Las  Vegas 
General  Dynamics,  Fort  Worth 
General  Electric  Company,  Cincinnati 
General  Electric  Company,  Richland 
General  Electric  Company,  St.  Petersburg 
General  Scientific  Corporation 
Hughes  Aircraft  Company,  Culver  City 
Iowa  State  University 
Journal  of  Nuclear  Medicine 
Knolls  Atomic  Power  Laboratory 
Los  Alamos  Scientific  Laboratory  (Library) 

Lovelace  Foundation 
Martin-Marietta  Corporation 
Massachusetts  Institute  of  Technology 
Mound  Laboratory 
National  Academy  of  Sciences 
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2  NASA,  Scientific  and  Technical  Information  Facility 

1  National  Bureau  of  Standards  (Taylor) 

1  National  Cancer  Institute 

1  National  Lead  Company  of  Ohio 

1  National  Library  of  Medicine 

1  New  Jersey  State  Department  of  Health 

1  New  York  Operations  Office. 

1  New  York  University  (Eisenbud) 

1  Office  of  Assistant  General  Counsel  for  Patents 

2  .  Phillips  Petroleum  Company 

4  Pratt  and  Whitney  Aircraft  Division 

2  Public  Health  Service,  Washington 

1  Public  Health  Service,  Las  Vegas 

1  Public  Health  Service,  Montgomery 

1  Sandia  Corporation,  Albuquerque 

1  Union  Carbide  Nuclear  Company  (ORGDP) 

5  Union  Carbide  Nuclear  Company  (ORNL) 

1  Union  Carbide  Nuclear  Company  (Paducah  Plant) 

1  •  United  Nuclear  Corporation  (NDA) 

1  U.  S.  Geological  Survey,  Denver 

1  U.  S.  Geological  Survey,  Menlo  Park 

1  U.  S.  Geological  Survey,  Naval  Gun  Factory 

1  U.  S.  Geological  Survey,  Washington 

1  U.  S.  Weather  Bureau,  Washington 

1  University  of  California,  Davis 

3  University  of  California  Lawrence  Radiation  Lab.,.  Berkeley 

2  University  of  California  Lawrence  Radiation  Lab.,  Livermore 

1  University  of  California,  Los  Angeles 

1  University  of  California,  San  Francisco 

1  University  of  Chicago  Radiation  Laboratory 

1  University  of  Hawaii 

1  University  of  Puerto  Rico 

1  University  of  Rochester  (Atomic  Energy  Project) 

1  University  of  Tennessee  (UTA) 

1  University  of  Utah 

1  University  of  Washington  (Donaldson) 

1  Wayne  State  University 

1  Westinghouse  Electric  Corporation  (Rahilly) 

1  Westinghouse  Electric  Corporation  (NASA) 

1  Western  Reserve  University  (Friedell) 

25  Technical  Information  Extension,  Oak  Ridge 

USNRDL 

41  USNRDL,  Technical  Information  Division 

DISTRIBUTION  DATE:  20  May  1963 
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